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SUM:ARY

Teats with CFR ard asircraft-type single—cylinder englnes
wvere made to inveatlgate the progresslve accumulation of lecad
deposlts on spark plugs under nonvarying operating conditions.
Deposit~welght detorminations nnd thotsgraphic observations are
presented, which demonstrate the following characteristics of
devosit accuruletion:

1. Devosits accumilate at rates that docrease ns the total
welght o7 doposit increasos.

2. Tho chango in the rate of doposit accumilntion with timeo
may differ with difforent eiglre overnting conditions.

3. Deonosits may chanme tholr pocitious on the svwark olug
tuiring englne oper:iitloa nrdoer the 1nfluences of gravitation and
molecular forcea and, possibly, forcos arising from gas flow
within tne ccmbustion chamber.

IIMRODUCTION

One of tho disadvantages of lead as an antiknock agent for
alrcraft fuol 1s 1ts characteristlc of depositing, oithor as the
metal or as & compound, on combustlon-chamber surfaces during cn-
gine operation. Lead deposite on spark plugs aro known to cause
ignition faillures both by bridglng the electrode gaps and by form-
ing conducting paths ecroass tho lnsulator surfeces and are sus-
pectod of lowerlng the preignition ratings of spark wlugs and of
contributing to tho orosion of spark-ulug olectrodes. Because of
these actlons, the devosition of lead on mpark plugs not only
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constitutes a flying hazard but also increases the time and cost

of aircraft—-ensine maintenance, acts as & limiting factor on the

use of totraethyl lead, erd constitutcs en obstacle to the devel-
onpament of spark vlugs of longer service life.

Soveral Investigations of lead foullng in specific englnes,
notably the V-1710, have beon made. Part of the spark-plug foul-
ing difficulty experienced with thls type englne has been traced
to an uneven distribution of tetraethyl losd to the individual cyl-
inders under crulsing conditlonrs; reductions in fouling difficultics
have been achleved by tho following aids to lead distribution: in-
creage in inlot—alr temmerature; increase in coolant temperature;
and install~tion of a bafflo or a veaturl in the main induction
trunk. Occasional burets of high-power oporntion have been found
to reduce Gepnoslts eccumulated during long perilods of cruise opera—
tion. HACA tests (roference 1) and tosts by the ITthyl Gesoline Cor—
poration have indicated that substantiel reductions in lead foulirg
car ba realized by incressing the amount of load—scavenging agcnt
(ethylene dlbromide) in the fuel obove the stoichiometric provor—
tion normslly used (1-T umix).

At the roquest of tho Air Technical Sorvice Command, army Air
Forcos, an inveatigation of the fundrmental »rocesses of load foul-
ing of spark plugs was bosun et the 1'ACA Cleveland laboratory in
Aupust 1943, The results roported horein describe tho charactor—
ietics of tho vrcgreasive bulld-up of snarx-vlug devoslits with tinme
during singlo—cylirnder engino tests under nonvarylng ovcrating com-
ditions. T1ic results are oresentcd as a goenoral surver of tho
(onpogit-accuuls tior rrocess and of the mamner 1n which the procoss
nay be oxrected to cherge with widely varring overating conditions.
The survoy mnrovidee a basis for intorvreting test rosults in studies
of tho cffects of snoclfic operatirz conditions on lead fouling,

METROD LMD APPARATUS

Tho progroeassive accurmlation ~f devosit on swark plugs wes
obsorved bv examining cach spark nlue end porlodically weizhing
its total éeroalt throughout a series of test runs at corstant en-
€ino conditions. FPhotographic records of tho dewocits were mado
in sonc cosos.

Dotormination of doposit welght. — Deposit welghts wore deter—
mincd by weighirg thc spark plusms on an analytical balarce before

and after thelr use in thc ergins. A cloaning technique was devcol-
oped to minimizo welght errors due to oil, molsture, and other ox-
transous metorial on oxternsl surfaccs. For all of the tests oxcont
oneo, tho cetimmrted precislon of wolght CGotermination (based on
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wolght-precision tests) was 5 milligrams. TFor one test the esti~
mated precislon was 10 milligrams but the maximum deviation was only
6 vercent owing to the large amounts of doposits eccumulated during
this tect (fig. 1). Tests with nonleaded fuel showod that wolght
changes caused by carbon fouling and gup eroslon were not greator than
the uncortainty of weight determination., 1o oil fouling was obamerved
during tho tests. An uncontrollable (but probebly small) error occurs
in the broalling off of deposit on the periphery of the spark-nlug
sholl wvhon the spark plug 1a removed from the cylinder.

Test engines. — A CFR Il knock—-test engine, with slight modi-
fications in the auxiliary equipment, was used for part of the tests.
For the remasinder of the other tests, a V-~1710-H1 engine modified
for single-cylinder operation was used. The rocker arms, plstons,
and connecting rods of the left banit wore removed and holes were
drilled in five of the right-banl plstons to reduce frictlon losseas.
The firing cylinder was 6B, JFuel was injected into a vaporization
chanber thet was connected to the standard three-port manifold of
the engine. The intake ports of cylinders LR and SR were blankod.

A petcock wos installed at the loweast point of each blanked section
of the menifold to dotect the sccumulation of liquid fuel but none
was obsorved. Englne power was absorbad by & dynamometer and stand=
ard laboratory equinment was used to meesure engine operating con-
ditlions.

Spark pluges. - lfew spark pluge of three different typos dealg-
nated types A, B, and C, wern usod for the tosta.

Fuol. - The fuel usod for the tests was AI-F-25, Amendment—2,
wlth tetraothyl-load additlons (1~T mix) irn some cases.

RESULTS AM) DISCUSSION

Yeriation of deposgition with time, -~ The history of deposelt
accumulation on a tyreo & svark plug in tho CFR englne is recordod
In figure 1. In order that the test mlght cover ths condition of
vory large total doposit without tho necesslty for long emglne runsa,
the lead contont of the fuel was increased to 34 milliliters per
gellon. Qualitatively, the variation of net rate of deposition with
timo 1s typical of that observed under a variety of conditions of
englne oporstlon, spark-plug type, mnd lead content of the fuel. The
deposlt ot the end of the tost filled the spark-plug-nose cavity
approximatoly to the end of the insulator. A photograph of the
svark plug at the end of the test is also shown in figure 1. An
attempt to operate the spark plug at high englne power after the com-
pletlon of thoe accumlation test was unsuccessful because of short
circulting by the fouling deposit.
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Effoct of power level. — As shown in figure 2, difforent ensine
opereting conditions mey result in time~accumlation curves of quito
different shapos and tho relative offects of different operating
conéditions on total accurmlation of deposit mAy depond upon opcrat-
ing timo. The tosts wore made with the CFR engine, using fuol with
a lead contont of 4.6 millilitors per gallon, &t two different power
levels. Sperl=nlug fallure occurred during the low-vowor run shortly
after 14 hours of oporation because of the formation of a small dzll
cf load deoposit on an electrodo grp. The avpoarance of tho spark
plug at tkis time is shown in figure 3.

Accumilatior. of dcoosit masses. ~ The nccumulation of ceposit
with timo in the exhaust spark plug of the converted V-1710 single—
cylindor engine is shown in figuro 4. Tho ongino was operatnd at
cruise conditions with fuel containing 18 ml TEL ver gallon. During
the test, the develooment of doposlt on the evark plug was photo-
graphically rocorded. The photographs, which woro takon each timo
tho spark plug was removed from the ongire for weighing, arc shown
in chronological order in figure 5. The spark plug is shown in the
samo oriontation in all photographs, the orlentation being approxi-
mately that which occurrcd in the engine. The photographs of fig-
uro 5 indicate that a large vortion of the deposit existed during
engino operation 1n tho form of molton globules, which changod posi-
tinn under tho 1nfluence of gravitation and molocular forcos and,
poaaldbly, forces arising from grna flow within the combustion chamober.
As the total deposlt boceme large after long operation, the concen-
tration of dcposit near” tho lowest voint of the spark-plug cavity
becamo pronounced.

Obsorvntions of doposite on many spark plugs at the Clevelend
laboratory have shown thant tho ampoarances and characteristics of
devosits formed under difforent condiltions may be quito difforent.
It 1s thorofore impossible to coslignato any varticular deposit
typlcal; dooosits simllar to thoso of figuro 5 have, however, been
obsorved on btadly fouled gsverk plugs from ongiros in sorvice uso.

Deposit losses. - Tho most charactoristic foaturo of the accum-
ulatlon of lead deposalt on sperk plugs le the docrease in net rate
of doposit with operating time. Yhen the total dcposit 1e largo,
such a decrosso would bo expected bocausc of the rosultant filling
of tho sperl=~plug-nose cavity. TNeforonco 5 has showm that for spark
plugs of osaoentlially tho smme doaign difforing only in the volume of
the noso cavity, the rate of accumul=tion of depcailt is & function
of the volumo of the nose cevity. Filling of the cavity does rot,
howovor, cxvlain differcncos in rates of change of deposition for
similar spark plugs such as are illustrated by tho curves of fig-
urc 2. Tho only gonoral statoment that cnn bo mado concerning the
accumlation of deposit 1s that both tho initial ratc of doposition
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and ites variation with time depend upon the construction of the
apark plug and i1tes operating conditions. The manner in whioch the
rate of deposit varles sugrosto thet the net rate is tho result of
deposition, poasibly at a constant rate, and loss of deposit at a
rato that incroases as the totel deposit increasos. Two procosaocs
of this typo might be cxpected to be indepondent functions of oper—
ating conditions. The nonntationary nature of the devoalt, as-
shown by tho photogrephs of figure 5, suggests that deposlit lossocs
might bo expocted to occur during ongine operation. In order to
toat this poseibility, = spark plug was operated in tho CFR onglne
at a spocific nowor of 0,68 indicnted horsopover per cubic inch with
S reforonco fuol to wiich hed boon added 6 ml THL por gallon. At
the end of 7# hours, tho spark plug had collectod 159 milligrams of
doposit. The spark nlug was then replaced in the engino and onor—
atod for 1 hour undor the samo conditions but with nonloadod S rof-
crence fucl. At the ond of tho hour tho doponit welght had fallon
to 112 milligrams, a value 30 percont lower than tho original do-
posit welght. A similar test on enothor spark nlug resultod in a
dovosit loss of 35 porcent Guring the operation with nonleadod

fucl. The hypothceis that deposit is continuously being lost during
engine oporation imvlins thet advantagos in antifouling performn:ce
can bo zainecd through tho use of coabustlen-chamber end sperk-plug
constructions thet faclilitate such lossos.

Significance of doposlt welshtp. — Tho oloctrical fallure of a
spark plug by lcad foullng occurs vhen n doposit path of sufficlent
clectrical conductonce to prevont sparking is formed botwseon the
spark-nlug sholl or o ground electrodo and tae contor olectrode. In
the caco cf dircct bridging of tho eloctrnde zap (fig. 3), & vory
amall emount of deponlit mey safflcc to ceuse the actuasl failuro.
Experionce st *he Clovelrri laboratory hos indicated that zap bridg-
ing is not tho most comaon t-20 »f falluro of gpark nlugs incornorat-
ing largo nickol or tungeten olectrodes. In the more usual casc of
faellure by conduction along deposits on tho lnsulator, short cir—
cuiting does not occur until rclativoly large quantitios of deposit
aro presont. In this crse, tao occurronce of a short-circuiting
path deponda upon the amount of deposlt prosont, 1ts distribution,
snd 1to cloctricnl conductivity. It secems ovident from figure 5
thnt, eslde from certein concentre~ting influenceo such as tho force
of grevity and large tempernture differnces, the distribution of
deposit on the spark-plug surfacos is largoly a matter of chanco.
Tho emnount of deposit and the chomical or physlcal charsctoristics
of the deposit should then bo congidered as factors detormining the
probabllity of falluro, whoreas he actual occurrcance of fallure ias
dopondent uwon the distributior of doposit. Tho rate of accumula~
tlon of deposit 1s a rneagurable quantlty tkat, when intervreted with
duo rogard for tho charactoristics of the deponit, 1s an indication
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of the probability of faillure within a given period of operation.
Although tho net rate of accumulation is apparontly subject to somo
randon variotion, as would bc expected from the foregoing dlscussion
of the nrocess of deposit build~up, 1% is 2 more reproducible quan-~
tity than the occurronce of spark-plug fallure.

In order to illustrato tho variations that may be observed
among deposit welrshta obtained vnder constant test conditions, tho
distribution diagram of figure 6 was preparcd from tho results of
224 doposit~accuml-tion runs mede to date for which deviations from
a mean deposit weight could bo computed. Tho dingram of figure 6
includes deoviations from the arithmetlecl mean for all cases in which
two or mcre cccumlation runs wore mado under the same conditions
and doviations from the mean-value curvos of indepcndent varieblos.
Tho root-mean—sgunre deviation for the observations of figure 6 1is
13 percent. Tho teats for which tho devlations vere computed
covored e wide range of fuels and engino conditions. Most of tho
tosts wore of relativelr short durstion (sbout 2 hr). Exverience
hae indicated thet vercentago deviations from e mean daposit welrshi
for long tests aro apt to be as zreat as thosc for short tests.

SUMMARY OF RESULTS

Soveral testa, with coustent englno conditions during each test,
vworc nrdo with CFR end V1710 singlc—-cylindeor onzines and heve shown
that the proceoss of accumulstlon of lead deposlts on epork plugs has
the followlng characteristice:

1. Devosits accumulato at rzotoc that dccreazse as the total
welght of dovoslt lncrenscs.

2. The carnge in the r~to of doposit accumuletion with time
noy differ vith different engine oporcting conditions.

3. Donosits may choenge thelr positions on the spark vnlug dur—
ing englno oporsntion under tho influernce of grevitation and molocular
forcoo and, possibly, forces arlsing from gne flow within the combus—
tlon chamber.

Alrcraft Engine Research Laboretory,
Tetionnl Advisory Committec for Aoronsutics,
Cloveland, Ohio.
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Figure 3, - A type C spark plug with ball in teft gap that
caused spark-plug failure shortly after i4 hours? opera-
tion in CFR engine., Compression ratio, 6.65;engine speed,
1800 rpm; indicated mean effective pressure, 82 pounds per
square inch; fuel-air ratio, 0.1i0; injet-air temperature,
90° F; coolant temperature, 212° F; fuel, AN-F-28,
Amendment-2 (4,6 m! TEL/gal).
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Figure 5. - Accumulation of deposit on a type B spark plug
in exhaust position of v=-1710 cylinder. Engine speed,
2000 rpm; manifold pressure, 30 inches mercury absolute;
fuel—-air ratio, 0.10; inlet-air temperature, 85° F; coolant
temperature, 250° F; fuel, AN-F-28 with tetraethy! |ead
content increased to 18 milliliters per gallon (I-T mix).
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